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Abstract: Co-seismic line-of-sight displacements of the 2011 Mw9. 0 Japan earthquake derived from lnSAR 
data of Envisat ASAR, ALOS PALSAR and TerraSAR-X show a maximum value of about - 245cm to 
- 221 em near the epicenter. This result is in good agreement with the result of GPS measurement. The ob-
served displacement pattern suggests an earthquake-rupture zone over 500km long, with a ground-motion pat-
tern in the vicinity of the northern segment more complex than that of the southern segment, possibly due to 
immediate aftershocks that occurred between satellite passes. 
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1 Introduction 
A catastrophic Mw9. 0 earthquake occurred on March 
11 , 2011 at a depth of 32 km in western Pacific O-
cean , approximately 72 km east of Japan [ 1 l . In this 
paper, we report on a study of the co-seismic deforma-
tion field based on lnSAR radar images from Envisat 
ASAR, ALOS PALSAR and TerraSAR-X, covering ar-
eas shown in figure 1. We then compared our prelimi-
nary result with the result of GPS measurement for veri-
fication. 
2 Data and processing 
Several pairs of pre- and post-earthquake radar images 
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of Envisat ASAR, ALOS PALSAR and TerraSAR-X 
were used to generate interferometric patterns. The sur-
face displacements in line of sight ( LOS) were obtained 
by using two-pass and three-pass methods, respectively. 
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Figure 1 Locations of the earthquake epicenters , and 
areas covered by radar images used in this study 
( rectangles ; Envisat in gray, ALOS in green 
and TerraSAR-X in red) 
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The basic parameters of interferometry are listed in ta-
ble 1. Previous studies have shown that shorter spatial 
and temporal baselines should be used['l. However, a-
vailable radar images were very few at the time of this 
earthquake , and they were mainly for emergency obser-
vations. As shown in table 1 , Envisat ASAR had the 
best temporal baseline, and ALOS P ALSAR pairs had a 
larger valid perpendicular baseline. To illustrate the 
capability ofTerraSAR-X, post-earthquake images with 
an interval of 11 days were used to compare with the 
co-seismic displacements. 
We used the open source InSAR software ROI_PAC 
to process Envisat ASAR and ALOS P ALSAR data with 
two-pass D-InSAR, the open-source software Doris to 
process co-seismic deformation measurements of Terra-
SAR-X with three-pass method, and the SARScape 
software to process post-earthquake displacement meas-
urements. Key steps of processing included decoding, 
automatic matching, interferogram formation, topogra-
phy removal, phase unwrapping, and geographic pro-
jection. Since precise orbital information was not avail-
able and the available images were taken mostly in e-
mergency , we had to rely on the lower-accuracy pre-
diction orbits for D-InSAR processing. This might have 
caused error in the calculation of the initial offset val-
ues and led to processing problems in obtaining inter-
ferometric images. Thus in the InSAR processing we 
needed to exercise step-by-step control, especially in 
image matching. 
3 InSAR displacement fields and a-
nalysis 
The co-seismic deformation fields from two pairs of En-
visa! ASAR interferometric images are shown in figure 
2. The maximum LOS displacement in the area covered 
by track 347 was -245 em at ( 141. 245°E ,38. 464° 
N) ( see also top part of Fig. 3 ) , in Ishinomaki close 
to the epicenter. The maximum LOS displacement in 
the area covered by track 074 was - 221 em at 
(140. 994°E,37. 674°N) (see the lower part of Fig. 
3) , only 30 km away from the first nuclear power plant 
in Fukushinla ( TEPCO in Fig. 3 ) , where the dis-
placement was as high as 200 em. Track 074, unlike 
track 34 7 , revealed two areas of larger deformation , 
and the displacement in the southern region was gener-
ally 10 em larger, perhaps because it was closer to the 
larger aftershocks. This may be seen in the GPS dis-
placement maps also (Figs. 6 and 7). 
To assess measurement precision, we first compared 
the above-mentioned two sets of results along a profile 
shared by both track 347 and track 074 ( red line in 
Fig. 2 ) . As shown in figure 2 ( c ) , the displacement 
profiles are nearly parallel with a correlation coefficient 
of 0. 997. Figure 2 (d) shows the difference between 
the profiles and a polynomial fit. The difference varies 
from 50 em to 70 em , and the overall difference was 
mainly caused by the selected reference point for phase 
unwrapping, which can be eliminated through system-
atic correction. Additional causes include differences 
in satellite orbit, topography, satellite-to-ground geom-
etry, atmosphere and temporal span , among which the 
effects from orbital accuracy, satellite-to-ground geom-
etry and topography are nonlinear. Thus , it may be 
better to use the polynomial fit to eliminate the uncer-
tainty caused by these satellite parameters. By using a 
4-order polynomial fitting the R-square test reached 
0. 859, indicating that the model represents the varia-
tion of displacement difference quite well. Most of the 
residues in the difference are less than 5 em, indica-
ting a good agreement. 
Table 1 Basic interferometric parameters ( B" deootes valid perpendicular baseline) 
Orbit Sensor Temporal span Tempoml baselioe (days) B" (m) 
347 Envisat ASAR 2011-02-19-2011-03-21 32 -119.5 
014 Envisat ASAR 2011 -03 -02-2011 -04-01 30 -103.0 
401 ALOS PAISAR 2010-10 -28-2011 -03 -15 139 1437.5 
056 ALOS PALSAR 2010 -II -20-2011 -04-01 139 1137.3 
042 TerraSAR-X 2010-10-20-2008-09-21 159 -91.9 
042 TerraSAR-X 2010-10 -20-2011 -03 -12 143 48.1 
042 TerraSAR-X 2011-03-12-2011-03-23 II 27.5 
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(a) Co-seismic displacements in line of sight (LOS) from EnvisatASAR (b) A closer view of the area within the gray rectangle in (a) 
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Figure 2 Co-seismic deformation field 
Figure 3 Co-seismic displacements in LOS from 
track 07 4 of Envisat ASAR 
Figure 4 shows the co-seismic deformation fields of 
track 401 and track 056 of ALOS PALSAR. The maxi-
mum-deformation area was also located at a coastal is-
land near the epicenter. The displacements may be 
compared with those of track 347 of Envisat ASAR a-
long the line A ( A ' ) B ( B ' ) in figure 4 ( b) . The cor-
relation coefficients between track 347 and track 4011 
track 056 are 0. 99/0. 999 , respectively (Fig. 4 (c) ) . 
The differences of displacements and their polynomial 
fits are shown in figure 4 ( d) . The result of R -Square 
test of track 056 and track 347 is 0. 97, indicating a 
good agreement. Although due to poor interference 
effect in track 401 (Fig. 4 (a) ) the result of R -square 
test was not so good , most residues could be controlled 
to within 10 em, indicating a fairly good consistency 
also. 
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(c) Profiles of displacements of ALOS PALSAR track 401/056 
andASAR track 347 along the red lines in (a) and (b) 
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Figure 4 Co-seismic displacements in LOS from ALOS P ALSAR 
We used the open source DORIS software and the 
three-pass D-lnSAR method to extract co-seismic dis-
placements from the interferometric pairs from three 
sets of TerraSAR-X images (track 042) acquired on 
2008/09/21, 2010/10/20 and 2011/03/12. The de-
formation field is shown in figure 5 ( a) . A maximum 
displacement of - 28 em occurred at the upper right 
part of the gray box. For accuracy assessment, the re-
sult along the black line in figure 5 ( a) was compared 
with that of track 347. As shown in figure 5 (c) , the 
two displacement profiles have a good linear relation-
ship with a correlation coefficient of 0. 96. The differ-
ence of displacements varies by no more than 20 em 
( Fig. 5 ( d) ) . By using a 5 -order polynomial fit, the 
R-Square test result is 0. 956, and most of the residues 
are less than 3 em, showing that the fit is good and that 
the Terra SAR-X and Envisat ASAR results are consist-
ent. To verify the capability of TerraSAR-X in deform-
ation measurement , we studied another pair of data sets 
separated by 11 days both after the earthquake. Since 
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temporal and spatial baselines were both ideal , the 
effect of orbital error was greatly reduced. As shown in 
figure 5 (b) , the post-seismic deformation field does 
not show obvious color fringes. Most displacements 
were within ± 1 em, except in the coastal area east of 
Ishinomaki, where they were 2 to 4 em. The displace-
ment profile along the white line is shown in lower right 
of figure 5 (b). Although the co-seismic reult of Ter-
raSAR-X may have contained post- seismic deforma-
tion, it cannot be interpreted as being random error. 
Although the comparative analysis of various lnSAR 
measurements shows good consistency, the satellite-ob-
served data must be verified with data measured with 
ground stations. Thus, we compared the InSAR-de-
rived with GPS-derived measurements as follows. Fig-
ure 6 ( a) and ( b) show, respectively, the co-seismic 
and post-seismic ( within 8 hours of the earthquake) 
horizontal and vertical displacements from GPS by 
GEONET. The distribution of E , N, and vertical com-
ponents along the the black line are shown in figure 6 
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(c) co-seismic displacements along the black 
line in (a) and track 347 ofEnvisatASAR 
( c) ; the maxium values are 5 m, - 2 m and - 1 m 
respectively. H projected to the LOS directions of track 
056 and lnSAR, the maximum displacements would be 
4. 7 m and about 2. 5 m, respectively. Although some 
discrepancies exist, the displacement-distribution pat-
terns are quite consistent. By comparing Figs. 6 ( a) 
and 2 ( a) , we see that both sets of spatial distributions 
of deformation basically point to the epicenter. Accord-
ing to the previously established relationship between 
ground-observed and satellite-observed data [ZJ , the ln-
SAR -derived displacements in LOS should correlate 
negatively with GPS displacements in E and N direc-
tions and positively in up direction. (The negative cor-
relation is related to the definition of the coordinate 
systems ) . Since the lnSAR -derived displacement is 
negative, the horizontal displacement from GPS should 
be positive, which is consistent with GPS measure-
ments as shown in figure 6. In addition, we selected 
16 GPS points along the black line in figure 6 (a) to 
compare with track 347 and projected the three displa-
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Figure 5 Co-seismic and post-seismic displacements in LOS from TerraSAR 
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Figure 6 Co-seismic horizontal and vertical displacements based on ARIA 
version 0. 3 position estimates for GEONET stations 
cement GPS components to LOS of track 347. The cor-
relation coefficient is -0. 89, indicating a good nega-
tive correlation. A polynomial-regression analysis of the 
difference between the two sets of results shows a good 
fit, with all residues less than 10 em ( Fig. 6 ( d) ) . 
In order to get an overall view of the spatial distribu-
tion of surface deformation caused by the earthquake , 
we examined the displacement profiles along a nearly -
500 km-long line (black line in Fig. 6 (a) and (b) ) 
shared by track 347, track 074 and track 056, with the 
latter two profiles normalized to the profile of track 
347. As shown in figure 7, the profiles of track 056 
and track 34 7 are consistent , whereas the profile of 
track 074 is larger in the northern region but smaller in 
the epicenter area. The maximum discrepancy is about 
50 em , which is too large to be explained by measure-
ment errors. It may have been due to some local move-
ment caused by post-earthquake stress adjustment, but 
this needs further verification. 
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Figure 7 The profiles of LOS displacements from ASAR 
Track 347/074 and PALSAR Track 056 
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4 Conclusions 
We have reported above a detailed study of the co-seis-
mic deformation field of the 2011 Mw9. 0 Japan earth-
quake, by using multi-software and the two-pass and 
three-pass methods to analyze pairs of radar images 
from Envisat ASAR, ALOS PALSAR and Terra SAR-X 
satellites. The different InSAR results agree well with 
discrepancy less than 10 em. The reliability of the In-
SAR-derived results was further confirmed by compari-
son with GPS measurements. The results reveal a NS 
surface rupture of 500 km or longer, along which the 
displacements were symmetric in spatial distribution 
relative to the latitude line of the epicenter. The 
ground motion in the north was relatively more compli-
cated, possibly due to ground motion caused by post-
seismic stress adjustment. 
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